Background: A high prevalence of bacterial nasopharyngeal co-infections has been reported in children, however, such data is limited in adults. We examined the interaction of Haemophilus influenzae, Staphylococcus aureus and Streptococcus pneumoniae pharyngeal colonization in mother-child dyads.
Background
Streptococcus pneumoniae is commonly associated with colonization of the nasopharynx (NP) in children, with variable co-colonization by other bacteria such as Staphylococcus aureus, Moraxella catarrhalis and Haemophilus influenzae [1] [2] [3] [4] [5] . Although generally asymptomatic, colonization by these bacteria is part of the pathogenesis to developing invasive and mucosal disease [6] .
A negative association for colonization between S. pneumoniae and S. aureus; and H. influenzae and S. aureus has been reported in otherwise healthy children [1, [7] [8] [9] , but not so among asymptomatic and hospitalized human immunodeficiency virus (HIV)infected children [10, 11] . Furthermore, a positive association has been observed for H. influenzae and S. pneumoniae colonization among children, irrespective of HIV-infection status [10] [11] [12] .
There are limited studies on nasopharyngeal bacterial colonization associations within and between mother and infant pairs. Lebon et al. reported an association for colonization with S. aureus and H. influenzae, but not S. pneumoniae and M. catarrhalis, between mothers and their children [13] . Bacterial interactions in the NP can be altered by treatments and vaccines [14] . Previous studies have demonstrated subsequent changes in other bacteria following the introduction of pneumococcal conjugate vaccine (PCV) [15] [16] [17] [18] . Understanding the nasopharyngeal interaction of these bacteria within and between mothers and their children could assist in predicting the potential impact of PCV immunization on the ecology of nasopharyngeal bacterial colonization and transmission patterns of these bacteria.
The aim of this study was to determine the association of maternal colonization with S. pneumoniae, H. influenzae and S. aureus and colonization with the same bacteria in children. In addition, we explored the correlation of colonization statuses of mothers and children.
Methods

Ethics statement
This study was approved by the Human Research Ethics Committee (HREC number: 050705) at the University of the Witwatersrand, Johannesburg, South Africa. Signed informed consent for collection of the isolates was obtained from the mothers.
Study design
The data sets were derived from a cohort study in Soweto, South Africa, involving infants and their mothers as described in Nunes et al. 2013 [19] . Briefly, 251 PCVnaïve infants 6-12 weeks of age and their mothers were followed until two years of age between January 2007 and May 2009. Infants were stratified as being: i) born to HIV-infected mothers, but who were HIV-uninfected themselves based on a negative HIV-polymerase chain reaction (Roche Amplicor RNA PCR, version 1.5, Roche Molecular Systems, Inc. Branchburg, NJ, USA) at baseline and in the absence of being breast-fed (HEU); and ii) infants born to mothers who were sero-negative for HIV after 24 weeks of gestational age during pregnancy and the infant was also sero-negative for HIV at enrolment (HUU).
Nasopharyngeal sampling for culture of Streptococcus pneumoniae, Staphylococcus aureus and Haemophilus influenzae carriage were undertaken in the mother-child dyad at 1. 6, 2.5, 3.5, 4.5, 7.4, 9.5, 12.5, 16 .2, and 24.2 months of the child's chronological age. In addition, oropharyngeal swabs were also undertaken for bacterial culture among the mothers. Infants received all their scheduled childhood vaccines which included Haemophilus influenzae type b conjugate vaccine, while PCV was unavailable at the time of the study. Swabs were cultured for pneumococci according to standard methods [20] and serotyped by the Quellung method (Statens Serum Institute, Copenhagen, Denmark) at the National Institute for Communicable Diseases, South Africa. Serotype 6C was distinguished from serotype 6A by PCR [21] . Strains which did not react by the Quellung method were confirmed as being pneumococci by lytA PCR detection and categorized as nontypeable. Pneumococcal isolates were categorized as PCV13 serotypes (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F) or non-PCV13 serotypes (all other serotypes and non-typeable isolates). Colonization for S. pneumoniae, S. aureus and H. influenzae as a binary variable was established for each time point. Data from all the children and the mothers with at least one sample were included in the analysis.
Statistical analyses
A Mann-Kendall test for detecting trends was used to examine the relationship between participant age and the prevalence of bacteria. Patterns of possible associations of the three bacteria were analyzed by fitting generalized estimating equations (GEE) models with an exchangeable correlation structure and the logit link function, i.e. we modelled colonization by each bacterium separately with colonization of the other two bacterial species, including the interaction of these two other bacteria, as independent variables. Also, age of the study participant, influenza virus season, season of the year when the sample was taken, presence of a child in the household between the ages of 3 and 6 years, use of coal/wood for fuel in the household, presence of a sibling attending day care and presence of a smoker in the household were included in the model to adjust for potential confounding. Participants who were not colonized by pneumococcus were used as the reference group in our GEE models. Adjusted odds ratios (AOR) together with 95% confidence intervals (95% CI) were used as measures of association. All statistical analyses were performed with SAS version 9.2 software (SAS Institute, Inc., NC, USA).
Results
A total of 1844 samples from 251 children (median 8 samples per child) were obtained, including 983 from 126 HEU children and 861 samples from 125 HUU children. Similarly, 1835 samples from 251 mothers (median 8 per mother) were evaluated, including 985 samples from 126 HIV-infected mothers and 850 samples from 125 HIVuninfected mothers. A total of 1830 specimens from 251 mother-child pairs had concurrent samples at the same visit.
The prevalence of bacterial colonization at individual time points in both children and mothers are shown in Figure 1 (see also Additional file 1: Table S1 ). In children, there was an upward trend in prevalence of H. influenzae (p = 0.0003) and S. pneumoniae (p = 0.002) colonization with increasing age, while there was a decline in S. aureus colonization (p = 0.02) with age. Among mothers, the prevalence of S. pneumoniae (p = 0.002) and H. influenzae (p = 0.008) colonization also increased over time as the child became older, however, no changes were observed in prevalence of S. aureus colonization which remained greater than 50% throughout the study (Figure 1 ).
Bacterial colonization associations in children
The overall detection of colonization in children was 59.8% (1094/1830) for S. pneumoniae, 32.3% (591/1830) for H. influenzae and 26.6% (487/1830) for S. aureus. The observed probability of bacterial co-colonization, either dual or triple, at a particular time-point was higher than expected (calculated from the assumption that colonization was an independent process and not random), i.e. pathogens were found together more often than would be expected by chance as shown in Figure 2 . Carriage of H. influenzae increased the odds of subsequent colonization with S. pneumoniae (AOR: 1.75, 95% CI: 1.32-2.32), but not vice-versa (AOR: 1.14, 95% CI: 0.90-1.44) ( Table 1 ). There was a greater likelihood of childhood colonization by H. influenzae if colonized by PCV13 serotypes (AOR: 1.45, 95% CI: 1.09-1.93) and vice-versa, i.e., increased likelihood of colonization by PCV13 serotypes if colonized by H. influenzae (AOR: 1.75, 95% CI: 1.28-2.39). A similar, albeit non-significant trend was also observed for colonization between H. influenzae and non-PCV13-serotypes (AOR: 1.35, 95% CI: 0.96-1.90) and vice-versa (AOR: 1.36, 95% CI: 0.96-1.91).
Colonization by S. pneumoniae was associated with a reduced odds of concurrent S. aureus colonization (AOR: 0.68, 95% CI: 0.50-0.93) and vice-versa (AOR: 0.51, 95% CI: 0.39-0.67). This was not differentially affected by pneumococcal PCV13-serotype status. When stratified according to PCV13-serotypes, carriage of S. aureus decreased the odds of colonization by PCV13-serotypes (AOR: 0.48, 95% CI: 0.36-0.65) and non-PCV13-serotype (AOR: 0.39, 95% CI: 0.29-0.54) ( Table 1) .
There was a negative association between colonization by H. influenzae and S. aureus; AOR: 0.24, 95% CI: 0. 16 
Colonization correlation statuses of mothers and children
The proportion of children who ever carried S. pneumoniae during the study period was one and halffold greater compared to mothers (95.6% vs. 66.1%; p < 0.0001), three-fold greater for H. influenzae (84.1% vs. 26.3%; p < 0.0001), while the proportion of children ever colonized by S. aureus was 15% lower than that of mothers (74.9% vs. 88.1%; p = 0.0001). We explored the colonization correlation statuses of mothers and children, i.e., the interrelationship of the three bacteria in mothers taking into account bacterial colonization in the children, and vice-versa with the results given in Table 3 . Colonization statuses of children and mothers were correlated, i.e. carriage of a particular bacterium by the mother increased the odds of carriage of the same bacterium by the child, and vice versa. Carriage of S. pneumoniae, H. influenzae and S. aureus by mothers increased the odds of colonization in children (AOR: 1.57, 95% CI: 1.04-2.39; AOR: 2.43, 95% CI: 1.19-4.97 and AOR: 1.65, 95% CI: 1.28-2.13, respectively) ( Table 3) .
Similarly, carriage of S. pneumoniae, H. influenzae and S. aureus by children increased the odds of colonization in mothers (AOR: 1.84, 95% CI: 1.28-2.63; AOR: 6.34, 95% CI: 2.24-18.0 and AOR: 1.56, 95% CI: 1.13-2.17, respectively). Observations were similar for PCV13 and non-PCV13 serotypes (data not shown). In this combined full mixing model, the interrelationships of the three bacteria in children were preserved, i.e. synergy and antagonistic effects of bacteria were observed in children while there were no relationships in mothers when analysis was confined to individual populations, i.e. children or mothers group separately.
Discussion
In this analysis we explored the association of S. pneumoniae, H. influenzae and S. aureus colonization within and between children and their mothers. In children, the probabilities of dual and triple colonization were identified concurrently more often than would be expected by chance. We observed well-defined relationships of the three bacteria in children. Our results showed that exposure to maternal-HIV in these children did not change the colonization patterns by the three bacteria. There is limited data on bacterial interactions in the nasopharynx of adults; and unlike in children no interactions between colonizing bacteria were observed in the mothers. Colonization with the three bacteria in children and mothers was positively associated.
Our results among children corroborate that there is a synergistic relationship between S. pneumoniae and H. influenzae colonization and a negative association between S. pneumoniae and S. aureus, or H. influenzae and S. aureus colonization [1, [7] [8] [9] [10] 15] . Further evidence of interaction of bacteria in the nasopharynx are evident from animal-model studies in which H. influenzae colonization was more likely when preceded by either S. aureus or S. pneumoniae colonization, while under some conditions H. influenzae limited colonization by S. pneumoniae [22] .
In children, prior co-colonization by S. pneumoniae and S. aureus increased the risk of acquiring H. influenzae, while dual carriage of H. influenzae and S. aureus showed a trend for increasing risk for S. pneumoniae colonization. Thus, the additional presence of H. influenzae or S. pneumoniae might alter the competitive balance between S. aureus and S. pneumoniae or H. influenzae and all three pathogens are able to colonize simultaneously as was also reported by Pettigrew et al. [23] . These relations were not differentially affected by pneumococcal serotype colonization status. Thus, the cause, effect and consequences of these bacterial interactions in the nasopharynx warrants further study.
The well-defined associations observed in children were, however, not detected in the mothers, even when mothers were stratified by HIV-infection status. This suggests that bacterial interactions in the nasopharynx may be affected by biological factors of the bacteria, coupled with host immunity factors which mature with age, as well as possibly other environmental factors [15] . We observed that carriage of a particular bacterium by the mother was a risk factor for the child, and vice-versa suggesting that direct transmission between the two groups may play a role in bacterial colonization among them. This result, similar to a previous study [13] , shows that nasopharyngeal colonization status in mothers with any of the three bacteria was correlated with colonization status of their children. Though we established well defined relationships of these bacteria in children and lack of thereof in adult woman, our study has some limitations. First, we only sampled NP swabs in the children, which may underestimate prevalence of S. aureus colonization in children. Also, we did not undertake genotyping of the S. aureus strains and the other two bacteria, therefore we were unable to address whether the S. aureus transmission was between the mothers and children or from the environment. Furthermore, our study was not designed to address disease caused by these pathogens, but rather focussed on colonization by these pathogens. In spite of these limitations, this work provide pre-PCV immunization data which may serve as a reference to follow-up studies to determine what effect childhood PCV immunization may have on bacterial ecology of the nasopharynx.
